The biology and pathogenesis of hepatitis E virus are poorly understood due to the lack of an in vitro culture or infection models. The viral Orf3 protein activates the cellular mitogenactivated protein kinase pathway and is likely to modulate the host cell environment for efficient viral replication. We screened for cellular genes whose transcription was differentially up-regulated in an Orf3-expressing stable cell line (ORF3/ 4). The gene for mitochondrial voltage-dependent anion channel (VDAC) was one such candidate. The up-regulation of VDAC in ORF3/4 cells was confirmed by Northern and Western blotting in various cell lines. Transfection of ORF3/4 cells with an ORF3-specific small interfering RNA led to a reduction in VDAC protein levels. VDAC is a critical mitochondrial outer membrane protein, and its overexpression results in apoptosis. Surprisingly, Orf3-expressing cells were protected against staurosporine-induced cell death by preservation of mitochondrial potential and membrane integrity. A small interfering RNA-mediated reduction in Orf3 and VDAC levels also made cells sensitive to staurosporine. Chemical cross-linking showed Orf3-expressing cells to contain higher levels of oligomeric VDAC. These cells also contained higher levels of hexokinase I that directly interacted with VDAC. This interaction is known to preserve mitochondrial potential and prevent cytochrome c release. We report here the first instance of a viral protein promoting cell survival through such a mechanism.
The biology and pathogenesis of hepatitis E virus are poorly understood due to the lack of an in vitro culture or infection models. The viral Orf3 protein activates the cellular mitogenactivated protein kinase pathway and is likely to modulate the host cell environment for efficient viral replication. We screened for cellular genes whose transcription was differentially up-regulated in an Orf3-expressing stable cell line (ORF3/ 4). The gene for mitochondrial voltage-dependent anion channel (VDAC) was one such candidate. The up-regulation of VDAC in ORF3/4 cells was confirmed by Northern and Western blotting in various cell lines. Transfection of ORF3/4 cells with an ORF3-specific small interfering RNA led to a reduction in VDAC protein levels. VDAC is a critical mitochondrial outer membrane protein, and its overexpression results in apoptosis. Surprisingly, Orf3-expressing cells were protected against staurosporine-induced cell death by preservation of mitochondrial potential and membrane integrity. A small interfering RNA-mediated reduction in Orf3 and VDAC levels also made cells sensitive to staurosporine. Chemical cross-linking showed Orf3-expressing cells to contain higher levels of oligomeric VDAC. These cells also contained higher levels of hexokinase I that directly interacted with VDAC. This interaction is known to preserve mitochondrial potential and prevent cytochrome c release. We report here the first instance of a viral protein promoting cell survival through such a mechanism.
Hepatitis E virus (HEV)
4 is the causative agent of hepatitis E, a major form of viral hepatitis in developing countries (1) (2) (3) . It is a waterborne pathogen that is transmitted primarily through the feco-oral route, causing rampant sporadic infections and large outbreaks in endemic areas (1) (2) (3) . Although the infection is self-limited and never proceeds to chronicity, fulminant hepatitis with high rates of mortality is known to occur in a small fraction of patients, especially in pregnant women (4, 5) . The HEV was recently classified as the only member of Hepevirus in the family Hepeviradae (6) . It is a nonenveloped virus with a single-stranded positive sense RNA genome of ϳ7.2 kb and contains three open reading frames (ORFs) (7) . The orf1 encodes the major nonstructural polyprotein, orf2 codes for the major viral capsid protein, and orf3 codes for a small protein whose functions are not fully understood. Due to the lack of reliable cell culture systems or small animal models of infection and disease, subgenomic expression strategies have been employed to functionally characterize HEV-encoded proteins (8 -10) .
The orf3 overlaps the other two ORFs and encodes a protein of 123 amino acids (Orf3). A recent report proposes that Orf2 and Orf3 are translated from the same subgenomic RNA and that the latter protein was 9 amino acids shorter at its N-terminal end than previously reported (11) . The Orf3 protein is phosphorylated at a single serine residue by the cellular mitogenactivated protein kinase (9) . In its N-terminal half, Orf3 contains two hydrophobic domains, the first shown to be responsible for its cytoskeletal association (9) . In its C-terminal half, the protein contains two proline-rich regions, of which one carries the phosphorylated serine residue (9) . The other region was shown to contain a PXXPXXP motif and to bind several proteins that contain Src homology 3 domains (12) . Such PXXP motifs are part of polyproline helices found in a number of viral and cellular proteins involved in signal transduction and bind the Src homology 3 domains found in a diverse group of signal-transducing molecules (13, 14) . Previously, we have also shown Orf3 to activate the extracellularly regulated kinase (ERK), a member of the mitogen-activated protein kinase superfamily, supporting a prosurvival role for it. The Orf3 protein binds Pyst1, an ERK-specific member of dual specificity mitogen-activated protein kinase phosphatases; this interaction inhibits ERK dephosphorylation, thereby prolonging its activated state (15) .
In the present study, we found increased expression of the voltage-dependent anion channel (VDAC) protein in Orf3-expressing cells. The VDAC protein, also known as porin for its pore forming ability, is a resident outer mitochondrial membrane (OMM) protein of 30 -35 kDa that regulates the transport of solutes such as Ca 2ϩ and ATP across the OMM (16, 17) . The mitochondrion plays an important and fateful role in the apoptotic death of mammalian cells by releasing apoptogenic proteins into the cytoplasm (18) . The release of cytochrome c from mitochondria into the cytoplasm activates caspases, setting the cell on an apoptotic path (19) . The VDAC protein reg-ulates OMM permeability and is in turn regulated by direct interaction with Bcl-2 family members as well as other proteins, such as hexokinase and mitochondrial creatine kinase (20) . Further, VDAC is known to be up-regulated in cancer cells (21) and exhibits elevated binding to hexokinase I and/or hexokinase II. Due to their higher energy requirements, cancer cells are characterized by a high rate of glycolysis (22, 23) . This in turn requires various genetic and biochemical adaptations, including increased expression of mitochondria-bound isoforms of hexokinase (HK I and HK II) (23) (24) (25) . Purified HK I has been shown to interact directly with purified VDAC reconstituted into a planar lipid bilayer, leading to channel closure. This prevents opening of the permeability transition pore and release of cytochrome c, thus inhibiting the mitochondrial phase of apoptosis (26) . A dynamic equilibrium exists between monomeric and oligomeric forms of VDAC that determines its interactions with other proteins and the regulated formation of pores large enough to allow the release of apoptogenic factors from mitochondria (27) .
We show here a prosurvival effect of the HEV Orf3 protein and relate this to its ability to modulate VDAC expression and oligomerization. We also show that VDAC oligomerization in Orf3-expressing cells protects against an apoptotic insult and is accompanied by enhanced hexokinase I expression and its interaction with VDAC. These findings are discussed in the context of HEV pathogenesis.
EXPERIMENTAL PROCEDURES
Plasmids, Cell Lines, and Antibodies-The expression vectors for orf3, pSG-ORF3 (8) , and pORF3-ECFP (15) have been described earlier. The orf3 and vector control stable cell lines (12) as well as polyclonal antibodies to Orf3 (8) have also been described earlier. The VDAC1, VDAC2, and VDAC3 genes were generously provided by Dr. Michael Forte (Vollum Institute for Advanced Biomedical Research, Oregon Health Sciences University, Portland, OR). The VDAC antibody was purchased from Cell Signaling Technology (Beverly, MA), whereas the Alexa dye-conjugated secondary antibodies were procured from Molecular Probes, Inc. (Eugene, OR). The EGFP-cytochrome c expression vector was kindly provided by Dr. Israrul Haq Ansari (University of Nebraska, Lincoln, NE).
Suppressive Subtractive Hybridization-Suppressive subtractive hybridization was performed using orf3 and vector control stable cell lines according to Mishra et al. (28) . Briefly, total RNA was isolated from the cells and mRNA prepared by magnetic separation after annealing with biotinylated oligo(dT) primer and immobilizing it onto streptavidin-linked paramagnetic beads. Five g of mRNA from each cell line was used to synthesize first strand cDNA by separately priming with P1-dT and P2-dT oligonucleotide primers (28) . After reverse transcription, mRNA and excess primers were removed before ligating the P1-3Ј and P2-3Ј adaptor oligonucleotides to the 3Ј-ends of first strand cDNAs with T4 RNA ligase (28) . The first strand cDNA population from control samples was PCR-amplified using 5Ј biotinylated P1 forward and nonbiotinylated P1 reverse primers (28) . The PCR conditions included 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min. The biotinylated double-stranded cDNAs thus obtained were immobilized onto streptavidin-linked paramagnetic beads, whereas the nonbiotinylated complementary antisense strands were denatured with 0.15 M NaOH for 10 min at room temperature and separated out from the beads with a magnet. The beads were washed twice with 0.15 M NaOH and used for the first round of cDNA subtraction. The unamplified first strand cDNAs that were made from ORF3/4 cells were hybridized for 5 h at 65°C with PCR-amplified sense strand cDNAs of control cells that were immobilized onto the magnetic beads. The hybrids between the sense strand and the common complementary antisense cDNA strands, as well as the beads, were magnetically separated. Differentially up-regulated genes in ORF3/4 cells remained in the hybridization solution and were PCR-amplified in a sequence-independent manner with P2 forward and P2 reverse primers. The PCR conditions included 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min. The PCRamplified differentially expressed cDNA population was then cloned into the pGEMT vector (Promega, Madison, WI). The recombinant plasmids thus obtained were digested with NotI; depending on insert size, six different clones were selected and sequenced, and the genes were identified by BLAST analysis.
Northern Blotting-For probe preparation, the VDAC1 clone was digested with AccI-BglI to give a 230-bp fragment, the VDAC2 clone was digested with AccI-HindIII for a 530-bp fragment, and the VDAC3 clone was digested with HindIII for a 470-bp fragment. The probe fragments corresponded to the 3Ј-ends of the VDAC genes and showed very low nucleotide homology, enabling specific detection of VDAC RNAs by Northern blotting. Total RNA was isolated with Trizol (Invitrogen) as per the manufacturer's guidelines. Samples of total RNA (20 g/lane) were denatured in 17.4% (v/v) formaldehyde, 50% (v/v) formamide, 20 mM 3-(N-morpholino) propanesulfonic acid, 5 mM sodium acetate, and 1 mM EDTA (pH 7.0) for 5 min at 65°C and separated on a 1% (w/v) agarose, 0.66 M formaldehyde gel. Following electrophoresis, the RNA was transferred to a nylon membrane (HyBond-N ϩ ; Amersham Biosciences) by capillary blotting for 24 h in 10ϫ SSC (1ϫ SSC: 150 mM NaCl and 15 mM sodium citrate, pH 7.0) and UV-cross-linked to the nylon membrane. The blot was stained with methylene blue for RNA integrity and equivalence by determining transfer of 28 and 18 S rRNA from the gel. Membranes were prehybridized at 42°C for 5 h in hybridization solution containing 50% (v/v) deionized formamide, 50 mM sodium phosphate, 0.8 M NaCl, 2% (w/v) SDS, 100 g salmon sperm DNA/ml, 20 g of transfer RNA/ml, and 1ϫ Denhardt's solution (50ϫ Denhardt's solution: 1% each of bovine serum albumin, Ficoll, and polyvinylpyrrolidone). The VDAC probes were labeled with [␣-32 P]dCTP using a random priming labeling kit (Hexalabel DNA labeling kit; Fermentas). Hybridization was carried out at 42°C for 20 h in hybridization solution containing the radiolabeled VDAC isoform-specific probe. Membranes were washed sequentially once in 2ϫ SSC at room temperature for 10 min and twice with 0.5ϫ SSC, 0.1% SDS at 65°C for 30 min. The bands were visualized by autoradiography.
Immunoprecipitation and Western Blotting-Cells were lysed with a buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and a protease inhibitor mixture (Roche Applied Science). The cell lysates were normalized for protein content, and 1 mg of total proteins in 500 l of lysis buffer were incubated with 10 l of Protein G-agarose (Amersham Biosciences) beads for 1 h at 4°C. The precleared lysate was then incubated with 2 g of anti-hexokinase I polyclonal antibody (sc-6518; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) overnight at 4°C. This was followed by incubation with 10 l of Protein G-agarose beads for 2 h at 4°C. After five washings in lysis buffer, the beads were boiled in Laemmli buffer, and the proteins were separated by SDS-PAGE. For Western blotting, the separated proteins were transferred to a nitrocellulose membrane (MDI, Advanced Microdevices Pvt. Ltd., Ambala, India). After blocking with Tris-buffered saline (TBS) containing 5% nonfat milk (Nestle) for 1-2 h at room temperature, the membrane was washed with TBST (TBS containing 0.1% Tween 20) and incubated overnight at 4°C with the primary antibody appropriately diluted in TBST containing 5% bovine serum albumin. The blot was then washed three times for 10 min each with TBST and then incubated with horseradish peroxidase-linked anti-rabbit or anti-goat IgG diluted in TBST containing 5% nonfat milk. Chemiluminescent detection of proteins was carried out using the Phototope horseradish peroxidase Western blot detection system (Cell Signaling Technology, Beverly, MA) according to the supplier's protocol. In all Western blotting experiments, total ERK levels were evaluated as loading controls.
Cell Viability Assay-For the cell survival assay, cells were treated with 1 M staurosporine (STS) for 10 h, followed by two washes with PBS. The treated cells were then stained with 0.25% Coomassie Brilliant Blue R-250 in 10% acetic acid, 50% methanol (v/v) and washed, and the stained colonies of live cells were counted on an Elispot Reader (Bioreader 4000; Biosys). The cell viability was also evaluated in attached cells using a colorimetric assay based on 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) staining (29) that measures mitochondrial function (30, 31) . The cells were either mock-treated or treated with various concentrations of STS for the indicated time(s) followed by the MTT assay. All data are expressed as percentages with respect to mock-treated cells and represent the mean Ϯ S.E. of at least three independent experiments.
Mitochondrial Membrane Potential Measurement-The change in mitochondrial membrane potential (⌬⌿ m ) was analyzed by flow cytometry using the ⌬⌿ m -sensitive dye 5,5Ј,6,6Ј-tetrachloro-1,1Ј3,3Ј-tetraethyl benzimidazolcarbocyanine iodide (JC-1; Sigma) (32) . Briefly, cells were harvested, washed once in PBS, and then resuspended in complete culture medium containing 1 M JC-1 at 37°C for the indicated time(s) in the presence or absence of 2 M STS. Stained cells were then washed with PBS and analyzed by flow cytometry. The emission maxima of JC-1 monomers and aggregates are 527 nm (FL-1 channel) and 590 nm (FL-2 channel), respectively.
Microscopy-For immunofluorescence staining and colocalization experiments, Huh-7 cells were seeded at about 30% confluence on coverslips in 12-well plates, grown for 18 h, and then cotransfected with Ds-Red Mito and EGFP-cytc, either with or without ECFP-ORF3. Also, pCN and ORF3/4 cells were cotransfected to express Ds-Red Mito and EGFP-cytc. At 48 h post-transfection, the cells were treated with 2 M STS for 2 h, washed with PBS, fixed in 4% paraformaldehyde for 15 min at room temperature, and washed once again in phosphate-buffered saline. The cells were then mounted using Antifade (BioRad) and sealed with a synthetic rubber-based adhesive, Fevibond (Fevicol; Pidilite Industries). Confocal images were collected using a 60ϫ planapo objective on a Bio-Rad Radiance 2100 system attached to a Nikon inverted microscope. Multiple randomly selected cells from each group were analyzed, and the amount (percentage) of EGFP-cytochrome c that colocalized with Ds-Red Mito was quantitated with the LaserPix software (Bio-Rad). Such colocalization calculations are independent of the relative intensities in the green and red channels.
Cross-linking Experiments-The pCN and ORF3/4 cells were treated with or without 5 M STS for 30 min followed by a PBS wash. Cells were lysed by five or six repeated freeze-thaw cycles in liquid nitrogen and at room temperature. The unclarified lysate was then incubated with 1 mM DSP (Pierce) dissolved in Me 2 SO for 30 min at 30°C according to manufacturer's protocol. The Me 2 SO concentration in control and reagent-containing samples was up to 2.5% (v/v). The reaction was stopped by adding 50 mM Tris, pH 7.5, and the samples were analyzed on nonreducing as well as reducing SDS-PAGE.
siRNA-mediated Knockdown of Orf3 and VDAC-The orf3 siRNA 5Ј-UCACGUCGUAGACCUACCAUU-3Ј was designed using the "Dharmacon siDESIGN Center" program available on the World Wide Web and was obtained from Dharmacon (Lafayette, CO) as a duplex. The VDAC1-specific and GFP siRNAs were obtained as siGENOME SMARTpool reagent from Dharmacon. Cells were transfected using RNAiFect (Qiagen, Hilden, Germany) with 200 nM VDAC siRNA (si-V), 300 nM orf3 siRNA (si-3), and 200 nM GFP siRNA (si-G). All siRNArelated experiments were performed in 12-well culture plates, and GFP-specific siRNA was used as nonspecific control. For siRNA-based survival experiments, cells were transfected, with either the orf3 siRNA for 48 h or the VDAC siRNA pool for 36 h followed by treatment with 2 M STS for 2 h. The cell viability assays were then performed as described above.
Reverse Transcription-PCR Analysis-Total RNA was isolated from pCN and ORF3/4 cells using the Trizol reagent (Invitrogen). Four g of RNA in a 25-l reaction mixture was used for cDNA synthesis with Reverse Transcriptase (Promega, Madison, WI) according to the supplier's protocol. Of this, 0.5 l of cDNA was used as a template for PCR amplification of target genes. The PCRs were performed in a 50-l volume containing 1ϫ reaction buffer, 200 M dNTPs, 10 pmol of each primer, and 1.25 unit of TaqDNA polymerase (Real Biotech Corp., Taipei, Taiwan), for 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 2 min. The primer sequences for hexokinase I and II were retrieved from the World Wide Web and custom-synthesized. Primer pairs HK1-F (5Ј-TCCTGGCCTATTACTTCACGG-3Ј) and HK1-R (5Ј-GGACCTTACGAATGTTGGCAA-3Ј) and HK2-F (5Ј-GAGCCACCACTCACCCTACT-3Ј) and HK2-R (5Ј-ACCCA-AAGCACACGGAAGTT-3Ј) were used to amplify hexokinase I and II, respectively. The histone H4 gene was amplified as a reference control using the primers HISTH4-F (5Ј-TGAGAGAC-AACATTCAGGGCATCAC-3Ј) and HISTH4-R (5Ј-CGCTTG-AGCGCGTACACCACATCCAT-3Ј). The amplified products were resolved on a 2% agarose gel and visualized following staining with ethidium bromide. The sizes of the amplified fragments were as follows: hexokinase I, 194 bp; hexokinase II, 130 bp; histone H4, 211 bp.
RESULTS
Suppression subtractive hybridization was performed using control (pCN) and Orf3-expressing (ORF3/4) stable cell lines as described under "Experimental Procedures." The differentially expressed cDNAs were PCR-amplified and cloned. A number of clones were randomly picked and analyzed by restriction digestion. Clones with varying sizes of inserts were identified and sequenced to determine the identity of the up-regulated genes they represented. One such up-regulated gene was VDAC1.
To validate Orf3-mediated increased expression of VDAC, we carried out Northern and Western blot analyses. The ORF3/4 cell line showed higher levels of VDAC1 RNA (Fig. 1A) . Using probes from the 3Ј-end of the VDAC gene, where minimal homology was observed between VDAC1 and its two other isoforms, VDAC2 and VDAC3, increased expression of all three VDAC isoforms was observed in Orf3-expressing cells (Fig.  1A) . To confirm that the higher RNA levels were also reflected in higher levels of the VDAC protein, Western blotting was performed on lysates prepared from pCN and two independent Orf3-expressing cell lines, ORF3/1 and ORF3/4. Western blotting using anti-VDAC antibodies showed higher expression of the VDAC protein in Orf3-expressing cells (Fig. 1B, top, lanes  1-3) . Since the anti-VDAC antibodies reacted with all three isoforms of the protein, it was not possible to study the effects on individual isoforms. In another experiment, human hepatoma Huh-7 cells that were transiently transfected with an orf3 expression vector (pSG-ORF3) also showed higher levels of the VDAC protein compared with Huh-7 cells transfected with the empty vector (Fig. 1B, top, lanes 4 -6) . We checked a HeLa/Tet-OFF-inducible stable cell line 5 to show that compared with control cells, the Orf3-expressing cells showed higher levels of the VDAC protein (Fig. 1B, bottom, lanes 1-3) . These cells showed leaky expression of Orf3 even in the presence of tetracycline (lane 2); this was also reflected in VDAC expression in HeLa/Tet-OFF/ORF3 cells in the presence (lane 2) and absence of tetracycline (lane 3). Thus, using multiple cell line systems, either transiently transfected or stably expressing Orf3, we show that increased VDAC expression correlated with Orf3 expression.
The VDAC protein is the principal mitochondrial channel protein, and its regulated expression is important for cell survival. A higher VDAC expression level in cells results in cell death by apoptosis (33) . For insight into VDAC overexpression in Orf3-stable cell lines, we treated the cells with STS, a potent apoptogenic stimulus. Apoptosis mediated by STS occurs through a mitochondrial pathway and leads to loss of mitochondrial transmembrane potential. Cells that survived STSinitiated death were initially scored by staining with Coomassie Blue and counting. Surprisingly, significantly reduced cell death was observed in ORF3/4 cells compared with the control pCN cells ( Fig. 2A) , which was in contrast to previous reports where higher VDAC expression levels resulted in enhanced apoptosis and cell death. Although treatment with 1 M STS for 10 h killed about 75% of the pCN cells, about 50% of the ORF3/4 cells survived this treatment (Fig. 2A) . The cell viability was also evaluated by using a colorimetric assay based on MTT staining. The pCN and ORF3/4 cells were treated with various concentrations of STS for different times. Although pCN cells showed greater sensitivity toward STS-mediated death, ORF3/4 cells resisted this effect. An optimum 2 M STS treatment for 2 h resulted in ϳ40% cell death in pCN cells, whereas only about 20% death was observed in ORF3/4 cells (Fig. 2B) .
Mitochondria are critical integrators of apoptosis, the initiator event being the loss of mitochondrial potential. We therefore compared mitochondrial depolarization in control and Orf3-expressing cells following STS treatment. To detect changes in the mitochondrial membrane potential, we used JC-1, a cationic dye that detects mitochondrial depolarization in apoptotic cells by a shift in its fluorescence emission. Treatment with STS and JC-1 staining was followed by flow cytometric analysis of the cells. Although the pCN cells showed a quantitative loss of mitochondrial potential characterized by a large increase in fluorescence (Fig. 3A) , only minimal shifts were observed in ORF3/4 cells (Fig. 3B) .
The retention of mitochondrial potential in Orf3-expressing cells in response to STS suggested the involvement of other players in controlling mitochondrial membrane integrity. The mitochondrial VDAC acts as a docking site for various pro-and antiapoptotic proteins that affect its oligomerization status. Monomeric VDAC is reported to form the functional channel whose conductance decreases following VDAC oligomerization (27) . To evaluate the oligomeric status of VDAC in Orf3-expressing cells, we used the thiol-cleavable bifunctional chemical cross-linker DSP. Chemical cross-linking of lysates from 5 M. Rajala and S. Jameel, unpublished observations. pCN and ORF3/4 cells with this membrane-permeable crosslinker was performed following STS treatment. The lysates from cross-linked pCN and ORF3/4 cells were separated by SDS-PAGE under nonreducing and reducing conditions followed by Western blotting with anti-VDAC antibodies. Substantially higher levels of VDAC oligomers were observed in ORF3/4 cells compared with pCN cells (Fig. 4, lanes 1-8) . These oligomers were formed specifically by cross-linking VDAC monomers as evidenced by their disappearance following thiol-mediated cleavage of the DSP spacer arm (Fig. 4, lanes 9 -12) .
Hexokinase (HK), the first enzyme in the glycolytic pathway, is reported to bind to the mitochondrial membrane due to its interaction with VDAC. This interaction is important for the integration of glycolysis with mitochondrial energy metabolism and the antiapoptotic role of HK in cells (34) . Hexokinase binding cross-links VDAC and suppresses the release of intermembrane space proteins, thus preventing apoptosis (35) . To evaluate the status of HK in Orf3-expressing cells, we carried out reverse transcription-PCR analysis of RNA prepared from pCN and ORF3/4 cells. Although there was a large increase in HK I expression in ORF3/4 cells, there was no change in the expression of HK II in these cells compared with the pCN cells (Fig. 5A) . The Western blot analysis of these cell lines using antibodies specific for HK I and HK II also revealed higher levels of HK I in Orf3-expressing cells, whereas the HK II levels remained unchanged (Fig. 5B) . Human hepatoma Huh-7 cells transiently transfected with pSG-ORF3 also exhibited higher levels of HK I (Fig. 5C) . A direct interaction between HK I and VDAC was tested by immunoprecipitation of cell lysates with anti-HK I antibodies followed by Western blotting with anti-VDAC antibodies. Anti-HK I antibodies co-immunoprecipitated VDAC from pCN and ORF3/4 cells. However, a larger amount of the VDAC protein was immunoprecipitated from Orf3-expressing cells compared with control cells (Fig. 5D) .
If Orf3 conferred resistance against a strong apoptotic stimulus (STS) and if it was indeed mediated through the up-regu- lation of VDAC and HK I and their enhanced interaction, an siRNA-mediated knockdown of Orf3 should affect this survival advantage. To confirm the protective effects of Orf3, we transfected ORF3/4 cells with an orf3-specific siRNA and 48 h later treated the transfected cells with 2 M STS for 2 h, followed by MTT staining. Although a majority of GFP siRNA-transfected ORF3/4 cells survived the STS treatment, this number was reduced in the orf3 siRNA-transfected cells (Fig. 6A) . Although this reduction was not dramatic, it was reproducible. This pool is likely to contain a mixture of cells that received the orf3 siRNA following transfection and those that did not, thus potentially reducing the overall siRNA effect. The siRNA against orf3 also led to a decrease in HK I and VDAC levels (Fig.  6B ). To demonstrate a direct role for VDAC in protection from cell death, we transfected pCN or ORF3/4 cells with an siRNA pool directed against VDAC. This reduced endogenous VDAC protein levels by about 80 -90% in both cell lines at 36 h posttransfection (Fig. 6C) . At this time, cells were treated with STS, and cell viability was scored by the MTT assay. Reduced cell survival was found in VDAC siRNA-transfected pCN cells compared with mock-transfected cells following STS treatment (Fig. 6D) . Similarly, ORF3/4 cells also showed reduced survival following siRNA-mediated VDAC knockdown (Fig. 6D) ; the effects were, however, not as pronounced as those observed for pCN cells.
The release of cytochrome c from mitochondria is the first irreversible step toward the commitment of cells to apoptosis. We therefore assessed the release of cytochrome c from mitochondria. Control and ORF3/4 cells were transfected to express EGFP-cytc together with a mitochondrial marker, DsRed-mito. Huh-7 cells were also transiently transfected with EGFP-cytochrome c and DsRed-mito in the absence or presence of ECFPtagged ORF3. After 48 h, the cells were treated with 2 M STS for 2 h and analyzed by confocal microscopy. Control (pCN and Huh-7) cells showed extensive mitochondrial disintegration and release of cytochrome c in the cytosol following STS treatment (Fig. 7A) . In mock-treated cells, EGFP-cytc was found to quantitatively localize to the mitochondria (not shown). However, in ORF3/4 cells and ECFP-ORF3-expressing Huh-7 cells, EGFP-cytochrome c was clearly retained in the mitochondria following STS treatment, as evidenced by its colocalization with the DsRed-mito marker (Fig. 7A) . The degree of extramitochondrial EGFP-cytc was determined using the LaserPix colocalization module and plotted in Fig. 7B . Although control cells (pCN and Huh-7) showed about 75-80% of cytc to be released from mitochondria, only about 20 -25% of it was released in Orf3-expressing cells. In the same cells, the Orf3 protein was found not to localize to the mitochondria; thus, the protective effect was not due to a direct association of Orf3 with the mitochondria. Together, the JC-1 and cytc results showed the Orf3 prosurvival effect to be due to its ability to preserve mitochondrial integrity in the face of an apoptotic insult.
DISCUSSION
The Orf3 protein appears to modulate the host cell environment for efficient replication and propagation of HEV. We have shown earlier that this viral protein up-regulates ERK activity (12) and that this is due to its ability to bind and inhibit mitogen-activated protein kinase phosphatases that negatively regulate ERK activation (15) . The Orf3 protein also binds ␣-1-microglobulin, a protein with immunosuppressive properties, and promotes its secretion into the extracellular medium (36) . Although not directly demonstrated, this is likely to have an impact on the host immune response, at least in the milieu of an infected liver. The prolonged activation of ERK would have a prosurvival effect, protecting the infected cell from premature 1-8) as well as reducing (lanes 9 -12) SDS-polyacrylamide gels. Western blotting was performed using anti-VDAC antibodies. The arrows indicate oligomeric forms of VDAC. in pCN (lanes 1, 3, and 5 ) and ORF3/4 (lanes 2, 4, and 6) cells. The molecular size markers are shown. B, Western blot analysis of control and ORF3/4 cells was performed using anti-HK I or HK II antibodies. Western blotting for ORF3 and ERK served as expression and loading controls. C, lysates prepared from Huh-7 cells transiently transfected with either control vector or pSG-orf3 were subjected to Western analysis using anti-HK I antibody. Levels of total ERK served as loading control. D, the lysates prepared from control and ORF3/4 cells were immunoprecipitated with anti-HK I antibodies followed by Western blotting with anti-VDAC antibodies.
cell death and increasing the efficiency of viral replication. Thus, Orf3 appears to be a regulatory protein that is likely to influence multiple pathways that promote establishment and propagation of HEV infection. Indeed, Orf3 was shown to be required for viral infection following intrahepatic inoculation of HEV genomic RNA directly into monkey liver (37) but was found to be dispensable when HEV genomic RNA was tested by transfection of cells in vitro (38, 39) . Since no efficient cell culture system, small animal models, or in vitro genomic replicon systems are available for studying HEV biology, our strategy is based on subgenomic expression to study the characteristics and possible functions of the Orf3 protein.
We used suppression-subtractive hybridization (28), a PCR-based technique for cloning differentially expressed genes, to search for cellular genes whose expression was increased in Orf3-expressing cells. For this, we used a cell line that stably and constitutively expressed Orf3; another cell line made with the empty expression vector served as a control. At least six different up-regulated genes were cloned and sequenced. One of these matched the gene for VDAC, and this was verified by Northern blotting. The RNAs for all three isoforms of VDAC were found to be up-regulated in Orf3-expressing cells. Increased levels of the VDAC protein in these cells were confirmed using multiple cell lines that included transient as well as stable expression of Orf3. Further, siRNA-mediated silencing of Orf3 expression led to reduced VDAC expression, supporting a direct causal relationship between these proteins.
Mitochondria are organelles that coordinate cellular energy metabolism and integrate signals for cell survival and apoptosis (35, 40) . Exchange of metabolites across the inner and outer mitochondrial membranes and the maintenance of a transmembrane potential are critical for normal cell physiology. The VDAC is an important mitochondrial protein whose expression levels are regulated and critical for cell survival. An imbalance in VDAC expression disturbs cellular metabolism, with lower levels resulting in slow growth and up-regulation, leading to apoptosis. A preliminary analysis was performed by scoring cell viability of Orf3-expressing cells in response to STS, a potent apoptotic agent that acts at the level of mitochondria. Interestingly, Orf3-expressing cells showed better survival to STS-mediated death when assayed by two different methods, although higher VDAC expression levels are correlated with increased apoptosis. Since STS is known to cause mitochondrial depolarization, the mitochondrial membrane potential (⌬⌿)-sensitive dye JC-1 was used to assess this as well. This dye accumulates as aggregates in the mitochondria, resulting in red fluorescence, the brightness of which is proportional to ⌬⌿ and varies among different cell types. However, in apoptotic and necrotic cells, JC-1 exists in its monomeric form in the cytoplasm and stains cells green. Although the control cells showed quantitative mitochondrial depolarization following STS treatment, the ORF3/4 cells were again better protected. Increased VDAC expression on one hand and cell survival and mitochondrial depolarization results on the other suggested the involvement of other interacting partners and compensatory mechanisms in the fate of Orf3-expressing cells.
There are two main models to explain the release of apoptogenic factors from mitochondria. One is based on increased Ca 2ϩ uptake, swelling of the matrix, and mitochondrial rupture (41) (42) (43) (44) . The other model supports formation of a pore in the OMM that allows passage of large molecules without damage to the organelle (43, (45) (46) (47) (48) . Recent reports suggest that VDAC forms this pore whose opening is regulated by association with proteins of the Bcl-2 family as well as other proteins like hexokinase and mitochondrial creatine kinase. Microinjected VDAC-specific antibodies inhibit apoptosis induced by microinjected Bax, demonstrating the importance of VDAC crosslinking in cells (48) .
To understand the mechanism(s) underlying the maintenance of mitochondrial potential in ORF3/4 cells, we assessed the oligomeric nature of VDAC in these cells through chemical cross-linking studies. The membrane-permeable but thiolcleavable cross-linker, DSP, showed the presence of oligomeric VDAC in ORF3/4 cells when the lysates were analyzed under nonreducing conditions but not under reducing conditions. It is known that monomeric VDAC serves as the functional channel, and a relatively intimate contact exists between monomers in the VDAC, whereas cross-linked VDAC results in decreased channel conductance and voltage-independent channel activity (27) . It has been shown that cross-linking of VDAC prevents the movement of cytochrome c from the mitochondria to the cytoplasm (27) . A dynamic equilibrium exists between monomeric and oligomeric VDAC that upon cross-linking shifts in favor of the latter. Oligomeric VDAC is also a binding site for the hexokinase I tetramer (26, 49) , this binding leading to closure of the VDAC pore, preventing the release of proapoptotic molecules.
Our hexokinase experiments further strengthened the correlation between up-regulated VDAC and increased cell survival. Although HK I and HK II are functionally similar, they differ in their tissue distribution (30) . Hexokinase binding to VDAC suppresses the release of intermembrane space proteins and inhibits apoptosis, thereby contributing to the survival advantage of cells (31, 50) . This is achieved by the binding of tetrameric HK to VDAC tetramers (26, (51) (52) (53) . Both isoforms interact through a hydrophobic 15-amino acid sequence in their N-terminal region with mitochondrial VDAC (51, 54) . In ORF3/4 cells, we observed higher expression levels of HK I, the isoform predominantly present in hepatocytes; there was no effect on the levels of HK II, an isoform known to be weakly expressed in liver cells (50, 55) . Transient expression of Orf3 in Huh-7 cells also had a similar effect on HK I levels. In an independent microarray analysis, VDAC and HK I, but not HK II, genes were found to be up-regulated in ORF3/4 cells compared with pCN cells (not shown). Co-immunoprecipitation of HK I and VDAC showed a direct interaction between these proteins. Further, higher amounts of VDAC were pulled down with HK I in Orf3-expressing cells compared with pCN cells. This interaction between HK I and VDAC would prevent opening of the pore and release of the proapoptotic protein cytochrome c, thereby suppressing the initiation of apoptosis.
The VDAC channel controls the release of solutes, including cytochrome c and other proapoptotic molecules residing in the intermembrane space of mitochondria. We tested this in Huh-7 cells transiently transfected with EGFP-cytc, either alone or together with ECFP-ORF3. Following STS treatment, large amounts of EGFP-cytc were released from the mitochondria; this effect was missing in Huh-7 cells that also expressed ECFP-ORF3. Similar results were obtained with cells stably expressing Orf3. Reducing VDAC expression through transfection of its specific siRNA made cells more susceptible to STS; this effect was more pronounced in control compared with Orf3-expressing cells. A similar effect was also observed when orf3 siRNA was used. In that case, although the effects on Orf3 or VDAC expression were not dramatic, this down-regulation still made orf3 siRNA-transfected cells more prone to STS-mediated death as seen in the cell viability assay. Together, these results provided an explanation for Orf3-mediated protection of cells from STS-induced mitochondrial depolarization, cytochrome c release, and death. In related work, we have also observed that Orf3 protects cells from death induced by U0126 and LY294002, which are pharmacological inhibitors of the ERK and phosphatidylinositol 3-kinase/Akt signaling pathways. 6 A number of viral proteins target mitochondria for the suppression or induction of apoptosis (55, 57) . Importantly, it appears that such viral proteins have little or no structural similarity and that they target very different mitochondrial receptors (58) . Of the mitochondrial proteins that interact with viral proteins, several are also involved in the physiological regulation of mitochondrial membrane potential in response to endogenous regulators of apoptosis, such as the Bcl-2 family proteins, ANT, VDAC, and PBR (59) . Many viruses also encode death-inhibitory Bcl-2 analogs that preferentially localize to mitochondria and may interact with the proapoptotic Bax protein. Examples of this include the Epstein-Barr virus BORFB2F and BALF1 proteins, the African swine fever virus 5-HL/A179L protein, the herpesvirus saimiri HVS-Bcl-2 protein, the Kaposi sarcoma-associated herpesvirus 8 KSBcl-2 protein, the bovine herpesvirus 4 BHRF-1 protein, and the murine herpesvirus-68 M11 protein (55) . The hepatitis B virus X protein shares 31% homology with human VDAC3 and colocalizes with it to the mitochondria (60). Thus, it appears that viruses exploit several distinct apoptosis-regulatory pathways at the level of mitochondria. 6 R. Arya and S. Jameel, unpublished observations. Based on the current study, we propose that the Orf3 protein of HEV protects cells from mitochondrial depolarization and death following apoptotic insult. This is achieved by overexpression of the mitochondrial VDAC, a key channel protein that integrates cellular energy metabolism with the mitochondrial phase of apoptosis (61) . Although this up-regulation would lead to enhanced mitochondrial energy metabolism, it would also make cells susceptible to apoptosis. Up-regulation of another glycolytic protein hexokinase by Orf3 negates the proapoptotic function of VDAC. By directly interacting with and cross-linking VDAC, hexokinase would serve in stabilizing the mitochondrial permeability transition pore in its closed state and prevent mitochondrial depolarization, thereby maintaining mitochondrial membrane integrity and preventing the subsequent release of cytochrome c into the cytoplasm. Hexokinase is also known to compete with the proapoptotic Bax protein in binding to mitochondria; this would further suppress Bax-induced cytochrome c release and promote cell survival (50, 56) . Further, being the first enzyme in glycolysis, higher levels of hexokinase could be an adaptation to maintain efficient ATP transfer for glucose metabolism to fuel the increased energy demands of virus-infected cells.
In this work, we have demonstrated a relationship between expression of the HEV Orf3 protein and the ability of the cell to cope with apoptotic stress. Results from intrahepatic inoculation of a genomic HEV RNA in monkeys showed orf3 to be important for infection and disease progression (37) . Similar experiments involving cells in culture show orf3 to be dispensable for the viral life cycle (38) . These observations indicate that Orf3 could be a viral accessory protein. A number of viruses are known to encode such proteins to optimize the host cell environment for efficient viral replication (62) . For example, HIV-1 encodes at least four accessory proteins that are dispensable for viral replication in cell culture models (63, 64) but are required for establishment of infection, high titer viral replication, and AIDS progression in the host (65) .
In the present study, we have delineated a biochemical pathway through which an acute, noncytopathic virus, such as HEV, can protect infected cells from apoptotic death. This is the first report that correlates prosurvival effects of a viral protein to enhanced VDAC and hexokinase expression. An intracellular survival signal thus would shift the balance toward viral replication and gene expression, and this would contribute to pathogenesis.
